The main evolutionary forces leading to genetic differentiation between populations are generally considered to be natural selection, random genetic drift, and limited migration. However, little empirical evidence exists to help explain the extent, mechanism, and relative role of these forces. In this study, we make use of the differential migration behavior of genes located in regions of low and high recombination to infer the role and demographic distribution of natural selection in Drosophila ananassae. Sequence data were obtained from 13 populations, representing almost the entire range of cosmopolitan D. ananassae. The pattern of variation at a 5.1-kb fragment of the furrowed gene, located in a region of very low recombination, appears strikingly different from that of 10 noncoding DNA fragments (introns) in regions of normal to high recombination. Most interestingly, two main haplotypes are present at furrowed, one being fixed in northern populations and the other being fixed or in high frequency in more southern populations. A cline in the frequency of one of these haplotypes occurs in parallel latitudinal transects. Taken together, significant clinal variation and a test against alternative models of natural selection provide evidence of two independent selective sweeps restricted to specific regions of the species range. R ECENT large-scale studies of genetic variation are tion structure, enabling the footprints of natural selection at the DNA level to be analyzed in a subdivided beginning to confirm that species range expansion and the colonization of previously uninhabited territorpopulation. Previous studies of four D. ananassae populations ies are accompanied by genetic adaptation to changes in environmental conditions, the signature of which (Nepal, Myanmar, India, and Sri Lanka) found compelling evidence for the action of natural selection at loci may be detected at the molecular level (Harr et al. 2002; Glinka et al. 2003; Kauer et al. 2003) . In the case in regions of low recombination (Stephan et al. 1998; Chen et al. 2000). At both the vermilion (v) and furrowed of Drosophila melanogaster, such an expansion is believed to have started from Africa ‫000,51-000,01ف‬ years ago ( fw) loci, a pattern of homogenization of allele frequencies within, but differentiation between geographic re-( David and Capy 1988; Lachaise et al. 1988 tests were performed and k were significant between the l loci For these reasons, we have expanded the study of was calculated by nucleotide variation at the fw locus to include 13 populations, spanning a majority of the species range of D. ananassae. In contrast to previous studies, polymor-
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ECENT large-scale studies of genetic variation are tion structure, enabling the footprints of natural selection at the DNA level to be analyzed in a subdivided beginning to confirm that species range expansion and the colonization of previously uninhabited territorpopulation. Previous studies of four D. ananassae populations ies are accompanied by genetic adaptation to changes in environmental conditions, the signature of which (Nepal, Myanmar, India, and Sri Lanka) found compelling evidence for the action of natural selection at loci may be detected at the molecular level (Harr et al. 2002; Glinka et al. 2003; Kauer et al. 2003) . In the case in regions of low recombination (Stephan et al. 1998; Chen et al. 2000) . At both the vermilion (v) and furrowed of Drosophila melanogaster, such an expansion is believed to have started from Africa ‫000,51-000,01ف‬ years ago ( fw) loci, a pattern of homogenization of allele frequencies within, but differentiation between geographic re- (David and Capy 1988; Lachaise et al. 1988) . D. ananassae, another cosmopolitan species in the melanogaster gions [i.e., North (Nepal, Myanmar) vs. South (India, Sri Lanka)] was found. In both studies, this homogenizagroup, is thought to have its origin in Southeast (SE) Asia (Tobari 1993) . A recent multilocus study of worldtion of allele frequencies in the northern populations rejected a model of background selection against deletewide populations of D. ananassae substantiates this claim, defining the ancestral range of this species to be a region rious mutations (Charlesworth et al. 1993) , instead favoring a model of the spreading of a beneficial allele of SE Asia that existed as a single landmass (Sundaland) during the late Pleistocene ‫000,81ف(‬ years ago), while (the selective sweep model; Maynard Smith and Haigh 1974; Kaplan et al. 1989; . other populations including those in more temperate regions appear to be more recent colonizations (Das et At the fw locus, the background selection model was rejected for the southern populations as well (Chen et al. 2004 , accompanying article in this issue). Thus, a similar scenario is emerging for this species, with the al. 2000), raising several important questions about the mode of selective sweeps in this subdivided species. invasion of new climatic zones providing a priori expectation that local populations have adapted to their new Namely, is this pattern best explained by a single sweep (Slatkin and Wiehe 1998), or have two independent environments. However, in contrast to D. melanogaster, D. ananassae is a species displaying significant populasweeps occurred? Furthermore, the geographic distribution of the sweep(s) is unknown, as is whether it is associated with adaptation to novel environments. Given that 1 tests were performed and k were significant between the l loci For these reasons, we have expanded the study of was calculated by nucleotide variation at the fw locus to include 13 populations, spanning a majority of the species range of D. ananassae. In contrast to previous studies, polymor-
phism data were collected by PCR and direct sequencing rather than by single-strand conformation polymorphism (SSCP) and stratified sequencing. The migration F ST test of the background selection model: The original behavior of this selected locus is compared to that of development of this test is described in Stephan et al. (1998) 10 independent neutrally evolving loci (Das et al. 2004) , and was modified by Chen et al. (2000) . In summary, this test which alleviates the potential stochasticity of single-locus takes into account the effect of background selection and recombination on the effective population size of the locus estimates of the migration rate. The pattern of differenof interest, enabling the effect of background selection on tiation between pairs of populations is tested against neutral variation in a subdivided population to be approxialternative models of selection by the F ST test of backmated by simulating the neutral coalescent under a model of ground selection (Stephan et al. 1998; Chen et al. 2000) .
population structure. In these simulations, the finite island
To further understand the nature of the selective forces model (Crow 1986, Chap. 3.4 ) is used. The per-locus nucleotide diversity S , the migration rate M S , and the recombination shaping variation at fw, the distribution of fw haplotypes rate R S at the locus putatively under selection are specified is analyzed with respect to population latitude.
along with the number of subpopulations, k.
The migration rate at the locus putatively under selection, M S , is estimated from the data MATERIALS AND METHODS
Population samples: A total of 126 isofemale lines were sampled from 13 locations in India, SE Asia, Australia, and Japan. The location, abbreviation, number of sampled lines, and date where M 0 is the migration rate at neutrally evolving reference of collection are listed for each population in Table 1. loci. M 0 is estimated for each pair of populations as in Chen et al. (2000) , but is now obtained by taking the average over DNA extraction, PCR amplification, and direct sequencing of individual fw alleles: To obtain sequence data from indi-10 neutrally evolving loci (introns). S and 0 are the arithmetic means of the per-site nucleotide diversities in the two subpopuvidual X chromosomes, genomic DNA was extracted from individual male flies using the PUREGENE DNA isolation lations at the locus putatively under selection and the average of 10 neutral loci, respectively. The factor f S0 takes differences kit (Gentra Systems, Minneapolis, MN). Oligonucleotides for amplification and direct sequencing were designed on the basis in the neutral mutation rate between loci into account (Chen et al. 2000) . of previously published D. ananassae fw sequence of the R1 (AF185289) and R9 and R42 (combined; AF185290) EcoRI Analysis of clinal variation: To assess the association of allele frequency with population sample latitude, a linear regression restriction fragments described by Chen et al. (2000) . The R1 fragment covers part of the 5Ј-untranslated region (UTR) and analysis was performed. If selection affecting the observed distribution of fw haplotypes is attributable to an environexons 1-9; R9/R42 covers exon 12, the 3Ј-UTR, and 3Ј flanking region. A 5.1-kb region (1.1 kb of R1 and 4 kb of R9 and R42) mental gradient covarying with latitude, allele frequencies at fw may be expected to display a latitudinal cline. This analysis corresponding to the 5.7-kb fw fragment of Chen et al. (2000;  minus 600 bp of 5Ј sequence) was amplified in three separate was performed on both a haplotype and a site-by-site basis following the design of Berry and Kreitman (1993). To dis-PCR reactions (Figure 1 ). The sequence data of the R1 and R9/R42 fragments are entered as population data sets under tinguish between the effects of selection and population history, clinal variation at fw was compared to that observed at the accession numbers AY686940-AY687065 and AY687066-AY687191, respectively. Due to the presence of stretches of 10 neutrally evolving loci. To assess the statistical significance of clinal variation, haplorepetitive sequence, the R11 fragment was not sequenced (Chen et al. 2000) . Products were purified with QIA-quick type and SNP frequencies were first arcsine-transformed and then regressed on population latitude (measured as distance columns (QIAGEN, Valencia, CA), and both strands were subsequently sequenced using primers spaced ‫005-004ف‬ bp from the equator). The significance of the observed squared correlation coefficient, r 2 , was then estimated by generating apart. Sequencing was performed on a Megabace 1000 automated DNA sequencer (Amersham Biosciences, Buckingham-10,000 randomized data sets by binomial sampling under the expected frequency (the overall mean in the entire sample) shire, UK). The primer sequences and cycling conditions for both PCR and sequencing reactions are available from the of a SNP or haplotype. This generates 10,000 new frequencies for each subpopulation, for which 10,000 r 2 values are then authors upon request.
Sequence analysis: Sequences were edited with SeqMan and computed to determine the significance of the observed r 2 . In addition, we performed an analysis to investigate the aligned with MegAlign (DNAStar, Madison, WI). The DnaSP program version 3.51 (Rozas and Rozas 1999) was used for extent to which clinal variation at one site can be explained by the amount of linkage disequilibrium to another site as most intraspecific analyses. Nucleotide diversity, , was estimated according to Watterson (1975) and according to described by Berry and Kreitman (1993) . In this approach, each site in turn is considered as the "governing" site, for Nei (1987) .
Pairwise HKA tests: The HKA test (Hudson et al. 1987) was which the clinal variation of every other "affected" site within a given locus may be explained by linkage to this site. For performed for all pairwise comparisons between loci [11 loci ( fw ϩ 10 neutral loci) → 55 comparisons], for each of the example, consider site X as the governing site and an affected site Y. For the entire pooled sample, the nucleotide T at 13 sampled populations using a program kindly provided by Lino Ometto. For each population, the probability of observsite Y is present in 50% of the chromosomes in which the nucleotide A is present at site X and in 25% of the chromoing at least i significant tests at the fw locus given that n paired populations, giving a total of 126 sequenced lines (Table  1) . A total of 54 nucleotide and 11 length polymorphisms were detected in this sample. An insertion of ‫1ف‬ kb in intron 6 occurring twice in the sample (line 8 from KK and line 27 from CH) was partially sequenced. Representative polymorphism data are shown in Figure  2 . Of the three nucleotide polymorphisms in the coding region, only one changes the amino acid sequence (Glu to Gln at position 1113 of the R1 fragment), and this occurs only once in the sample (line 95 from BOG). The estimates of average nucleotide diversity, and , (Table 2) , on region sequenced in this study. R1-R42 are EcoRI restriction average Ͼ10-fold lower than estimates at 10 neutral loci fragments described by Chen et al. (2000) . The R1 fragment in regions of normal to high recombination ( fw ϭ covers part of the 5Ј-untranslated region (UTR) and exons 1-9; R9/R42 covers exon 12, the 3Ј-UTR, and 3Ј flanking 0.00066; neutral ϭ 0.0079; Das et al. 2004) . Notably, region. A 5.1-kb region (1.2 kb of R1 and 3.9 kb of R9 and populations from the northernmost range of the sam-strongly negative D-values at fw, consistent with the observation at the 10 neutral reference loci.
RESULTS

Polymorphism and divergence:
The average silent divergence between D. ananassae and its sibling species DNA polymorphism at fw: A region totaling 5.1 kb D. pallidosa at fw was 0.0055, while the average value of including most of the 3Ј half of the fw transcriptional the 10 neutral loci was 0.0148 (Das et al. 2004) . Under unit and a large portion of the 3Ј flanking region was a constant-rate, neutral model of molecular evolution, subjected to PCR and direct sequencing ( Figure 1 ). On average, 10 lines per population were sequenced for 13 levels of polymorphism and divergence should be corre- Figure 2.-Representative polymorphism at fw. Length polymorphisms are not shown. The standard sequence is based on the inferred ancestral sequence as determined by D. pallidosa. All nucleotides shown as letters represent the derived state of the polymorphism. Polymorphisms distinguishing the northern haplotype class (sites 1504 of R1 and 687, 969, 3994, and 4106 of R9/R42) are highlighted in blue. Note that site 1004 of R1 is not diagnostic of this haplotype class because it is not completely linked to these sites (see CH population). Polymorphisms distinguishing the southern haplotype class (sites 1854 and 2961 of R9/R42) are highlighted in red. Coordinates of the R1, and R9 and R42 (combined), fragments correspond to those given by the accession nos. AF185289 and AF185290, respectively. lated. To test this hypothesis, the method of Hudson, the South (KK, DAR, and CEB). Thus, a constant-rate, neutral model of molecular evolution is rejected for these Kreitman, and Aguadé (the HKA test; Hudson et al. 1987) was performed for all pairwise comparisons bepopulations. These results are summarized in Table 3 . Haplotype structure: Of the 37 haplotypes observed tween loci [11 loci (fw ϩ 10 neutral loci) → 55 comparisons], for each of the 13 sampled populations. For each in our data set, two major haplotype classes are apparent and are distinguishable by unique, high-frequencypopulation, the probability of observing at least i significant tests at the fw locus given that n paired tests derived polymorphisms in complete linkage disequilibrium with one another. The "northern" haplotype class, were performed and k were significant between the l loci was calculated using Equation 1 (see materials which is in high frequency or fixed within the northern range of the sampled locations (overall frequency ϭ and methods). The number of comparisons deviating from the neutral expectation was significantly higher than 49.2%), is distinguished from all other haplotypes by a "T" at position 1504 of the R1 fragment and "A," T, A, expected for all northernmost populations (PUR, BBS, KATH, MAN, and KMJ), as well as several populations in and T at positions 687, 969, 3994, and 4106 of the Watterson (1975) . The value of D was obtained by Tajima's (1989) method. **P Ͻ 0.01.
The HKA test was performed for all pairwise comparisons between loci [11 loci (fw ϩ 10 neutral loci) → 55 comparisons], for each of the 13 sampled populations. For each population, the probability of observing at least i significant tests R9/R42 fragment, respectively (Figure 2) . Likewise, the at the fw locus given that n paired tests were performed and "southern" haplotype class is in high frequency or fixed k were significant between the l loci was calculated using Equawithin the South (overall frequency ϭ 43.7%) and is tion 1 (see materials and methods). Populations in italics distinguished from all other haplotypes by A and T indicate that the number of comparisons deviating from the neutral expectation was significantly higher than expected for at positions 1854 and 2961 of the R9/R42 fragment, this population. respectively ( Figure 2 ). The remaining haplotypes constitute 7.1% of the sample and do not contain any of these diagnostic derived polymorphisms. These are colnated) subjected to regression analysis at fw, 9 were signifilectively more variable than the northern or southern cantly correlated with latitude with an average correlahaplotype classes and are likely representative of ancestion of r 2 ϭ 0.751. In comparison, of a total of 326 tral polymorphism at fw ( other ϭ 0.00078). The haplopolymorphic sites tested at the neutral loci, 19 were type classes in high frequency, in particular the northern significantly correlated with latitude with an average class, harbor less variation ( northern ϭ 0.00024; southern ϭ correlation of r 2 ϭ 0.324. The results of the regression 0.00045). The geographic distribution of northern, of polymorphic site frequency with population latitude southern, and other haplotypes is shown in Figure 3 .
for these 11 loci are summarized in Table 4 .
Analysis of clinal variation: The relationship of allele
In addition, we analyzed the relationship between frequency with population latitude is plotted for each allele frequency and latitude in various subsets of the haplotype class in Figure 4 . A significant correlation sampled populations. If selection is responding to envi-(r 2 ) between transformed haplotype frequency and popronmental factors covarying with latitude, the same linulation latitude was found for both the northern (r 2 ϭ ear relationship of allele frequency with latitude should 0.841; P Ͻ 0.0001) and southern (r 2 ϭ 0.669; P Ͻ 0.001) be observable in multiple latitudinal transects (i.e., parhaplotype classes.
allel clines), as seen with the F/S polymorphism of D. To investigate the observed clinal variation at fw in melanogaster Adh (Oakeshott et al. 1982) . We divided more detail and distinguish between the effects of natuthe population samples into subsets labeled India ral selection vs. population structure and/or history, a (KATH, BBS, PUR, and CH), SE Asia (MAN, CNX, BKK, linear regression analysis was performed on a site-by-site and BOG), and "easternmost" (KMJ, MNL, CEB, KK, basis for both fw and 10 neutrally evolving loci, following and DAR). The five sites diagnostic of the northern the design of Berry and Kreitman (1993). If selection haplotype class (R1, 1504; and R9R/42, 687, 969, 3994, acting on a site(s) linked to fw is responsible for the and 4106) remain significant in all three subsets. The observed cline, the expectation is to observe clines only two sites diagnostic of the southern haplotypes (R9/ at fw or other sites linked to the target(s) of selection.
R42, 1854 and 2961) are significant in SE Asia, although In contrast, if population history is responsible, clines not in the easternmost or India subsets. Indeed, the may be observed at loci across the entire genome. Thus, above tests of correlation between haplotype class frewe compared the clinal variation of polymorphic sites quency and latitude (Figure 4 ) are not independent, at fw with that found at 10 unlinked, neutrally evolving loci. Of the 25 polymorphic sites (singletons were elimiand it seems likely that the northern haplotype is largely responsible for the observed pattern. Furthermore, of tions in this data set are silent and the single nonsynonymous mutation occurs only once in the sample, the the 36 polymorphic sites at the neutral loci displaying significant clinal variation in at least one set of populatarget(s) of selection is unlikely to reside within the region sequenced in this survey. However, the analysis tions (entire sample or one of the three subsets), 31 are significant in only one set, while the remaining five of clinal variation with respect to linkage disequilibrium to other sites applied to this data set is informative noneare significant in only two sets (Table 4) . Thus, while polymorphic sites associated with the northern haplotheless, as it reaffirms that sites distinguishing the northern haplotype are responding to clinal selection in a nonindetype class display significant clinal variation for the entire data set as well as independent subsets, the clinal pendent manner (Figure 5 ), most likely due to being linked to a target(s) outside of the sequenced region. variation observed at the neutral loci is inconsistent across the data set and more likely caused by chance on Finally, although a clear relationship between frequency and population latitude is present with the a more local scale. To our knowledge, this is the first example of a cline in a region of low recombination. northern haplotype in particular, visual inspection of Figure 3 suggests other factors such as population longiAlthough the overall scheme and rationale of our analysis of clinal variation at fw follows that of Berry tude. To further investigate this, the relationship between haplotype class frequency and population longiand Kreitman (1993), our data set differs in an important way. Previous studies applying this design (Berry tude was analyzed for the entire data set as well as subsets labeled North (BBS, PUR, KATH, MAN, CNX, MNL, and Kreitman 1993; Verrelli and Eanes 2000) have focused on distinguishing and identifying the target(s) and KMJ) and South (CH, BKK, BOG, KK, CEB, and DAR). A weak correlation was found for the southern of clinal selection (e.g., sites such as amino acid polymorphisms displaying significant clinal variation that could haplotype in the entire data set (r 2 ϭ 0.383; P Ͻ 0.05), though in neither of the subsets, while the northern not be explained by linkage to other sites were identified as putative targets). Although linkage disequilibrium haplotype displayed a correlation only in the South subset (r 2 ϭ 0.685; P Ͻ 0.05). While an apparent small should technically be calculated only for individual populations, extensive nonindependence between polymorlongitudinal effect is present, other important factors should be kept in mind in interpreting the distribution phic sites exists across the entire surveyed region. In particular, the derived polymorphisms characterizing of these haplotypes. First, the sampling of populations is subject to geographical constraint (e.g., one can sample the northern and southern haplotypes are in complete linkage disequilibrium. This is not surprising, given that only on land); and second, environmental factors covarying with latitude may not be completely consistent fw resides in a region of very low recombination (Stephan and Mitchell 1992); the size of the region in across the entire sampling range (see discussion).
Test of the background selection model:
The above which linked neutral variation is affected by selection may be very large. Given that 53 of 54 segregating mutaresults of the HKA test indicate that for several popula- tions, the level of polymorphism at fw is too low to model describes the effect of rare, strongly selected beneficial mutations on linked neutral polymorphism, be explained by a constant-rate, neutral model. Two alternative models proposed to explain the reduction while the background selection model considers the effects of frequent, strongly deleterious mutation onof variability in regions of low recombination are the hitchhiking (Maynard Smith and Haigh 1974; Kaplan linked neutral variants. In the following, we applied the method of Stephan et al. (1998) The numbers of polymorphic sites analyzed for clinal variation (singletons were eliminated) at each locus are indicated in parentheses in column 1. Only sites displaying significant clinal variation in one or more subsets (see below) are shown. The frequency of individual sites is calculated for the entire pooled sample, on the basis of the derived state of the polymorphism as determined by the outgroup D. pallidosa. The slopes are computed from transformed data based on the entire pooled sample. Regressions (r 2 ) of transformed allele frequencies on latitude were performed for all the populations combined, as well as the following subsets: India (KATH, BBS, PUR, and CH), SE Asia (MAN, CNX, BKK, and BOG), and Easternmost (KMJ, MNL, CEB, KK, BOG, and DAR). Polymorphic sites monomorphic or occurring only once in individual subsets are indicated by dashes. NS, no significant clinal variation. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. The probability of obtaining a value of F ST less than or equal to the observed F ST under background selection is given for representative pairwise comparisons between populations in Table 5 . For several comparisons among populations in the North and among populations in the South, F ST values are too low to be explained by the background selection model for various values of k and R S , whereas almost all remaining values within these regions approached significance. Although less conservative, higher values of k are likely more realistic for D. ananassae (Das et al. 2004 ) and produced lower P-values. In addition, in contrast to the previous study of fw, evidence of intragenic recombination was found by the four-gamete rule (Hudson and Kaplan 1985) in this data set, indicating that a nonzero level of recombina- Table 4 ). Shaded boxes refer to significant clinal variation populations within each of these two geographic regions at site Y that cannot be explained by linkage to site X. may be indicative of the spread of positively selected alleles. two alternative models. Because the effective size of local demes is reduced in regions of low recombination relative to that in regions of normal to high recombination, DISCUSSION a smaller number of effective migrants is expected to Overview: In this study, we have reexamined the patincrease F ST (Charlesworth et al. 1997) .
tern of nucleotide variation at fw on a much larger scale, To test the null hypothesis that background selection using PCR and direct sequencing as opposed to SSCP is responsible for the observed pattern of differentiation and stratified sequencing. Although in most cases new between pairs of populations throughout the D. ananaspopulation samples were used (only the Myanmar samsae species range, we generated a probablity density of ple was also used by Chen et al. 2000) , the overall level F ST values under the finite island model for k demes and of polymorphism at fw was found to agree between a migration rate M S , mutation parameter S , and per these two methods. In addition, the added advantage locus recombination rate R S at the locus putatively unof a detailed knowledge of population history from 10 der selection (fw). A range of values was chosen for the neutrally evolving loci was available (Das et al. 2004 ). unknown parameters k and R S , while M S and S were estimated from the data (see materials and methods).
The major goals of this study were to elucidate the pattern and distribution of selective sweeps at this locus population has one of the highest estimates of ⌰ P at the neutral loci, in contrast to the lowest at fw. Thus, and help establish the role of natural selection in differentiation between populations. In the following, we disalthough CH appears to be one of the most peripheral of all the populations based on the neutral loci, a higher cuss several lines of evidence for natural selection playing a significant role, in particular with respect to recent diversity of haplotypes is present at fw relative to the other populations. A peripheral status in combination range expansions and potential adaptation to new environments.
with intermediate latitude may have left this population less subject to the effects of selection observed in other Selection vs. demography: In addition to providing a control for nonadaptive processes in the analysis of populations. The presence of the highest frequency (33%) of non-sweep-associated haplotypes in this popuclinal variation, detailed analysis of population structure based on10 neutral loci has revealed other interesting lation is consistent with this hypothesis. Second, analysis of the ancestry of these populations aspects of the population history of D. ananassae that shed light on the pattern of variation observed at fw is suggestive of selection influencing the distribution of haplotypes at fw. On the basis of both the model-based (Das et al. 2004) . First, the method of Vogl et al. (2003) applied to these loci has enabled these populations to clustering algorithm of the program Structure (Pritchard et al. 2000) and a neighbor-joining population tree be characterized as either central or peripheral by the inference of the migration-drift parameter, ⌰ P . In short, (based on F ST ), the 10 neutral loci reveal a close relationship between the Indian populations (BBS, PUR, and this is the probability that two sequences randomly drawn from a population coalesce before migration. High val-CH), KATH, and MAN and the sample from Australia (DAR). Similarly, the samples from Java (BOG) and ues of ⌰ P are indicative of populations being highly differentiated due to drift (and thus peripheral), while Japan (KMJ) are closely related, suggesting a common ancestral origin for these pairs of populations (see Das low values indicate the population is closer to the central, ancestral species distribution (Vogl et al. 2003) . et al. 2004 , accompanying article, this issue, Figure 3 ). In contrast, these pairs of populations are highly differThe populations from five SE Asian localities [BKK, KL (Kuala Lumpur, not included in the fw survey), BOG, entiated at fw, being fixed or nearly fixed for the northern and southern haplotypes in these respective regions. KK, and MNL] display high variability and low estimates of ⌰ P and are inferred to be central populations likely Thus, the composition of the ancestral populations from which current peripheral populations are sampled does representative of an ancestral population of D. ananassae (Das et al. 2004) . The other populations showed lower not appear to have solely determined the current pattern observed at fw. variability and higher estimates of ⌰ P , indicating that these populations are more peripheral. Due to the conSelective sweeps in a subdivided population: Previous analysis of polymorphism at fw in four populations (Nesistent ‫-01ف‬fold lower variation at fw in comparison to the neutral loci, estimates of ⌰ P are systematically higher pal, Myanmar, India, and Sri Lanka) considered several possible scenarios of a selective sweep in a subdivided at fw. However, the relative difference in these estimates between populations differs at fw and the 10 neutral population (Chen et al. 2000) . One possibility is that the pattern of homogenization of allele frequencies within, loci in several cases (Figure 6 ). In particular, the CH but differentiation between geographic regions [North sistencies in the distribution of the northern haplotype (e.g., the Indian and the Philippine samples have similar (Nepal, Myanmar) and South (India, Sri Lanka)], was caused by independent selective sweeps in each region latitudes but different composition of fw haplotypes) may at least in part be due to inconsistencies in environ-(the two-sweep model). Alternatively, if more than one haplotype became associated with the selected allele mental variables that correlate with latitude. For example, the central and southern Phillipine islands remain via recombination, differential migration of these two haplotypes could result in a similar pattern (the singlehot and humid all year round, while the Indian subcontinent experiences seasonal variation in temperature. sweep model; Slatkin and Wiehe 1998). A third scenario not mutually exclusive of the above two models Target(s) of selection: Traits such as cold tolerance are known to vary with latitude in several species, includis that of local adaptation, where a selective sweep may be restricted to certain regions of a species range.
ing D. ananassae (Gilbert and Huey 2001), and it was recently shown that high-altitude Himalayan strains of The significantly expanded sampling of this current survey greatly facilitates distinguishing between alternathis species have evolved a temperature dependency to the rhythmicity of eclosion (Khare et al. 2002) . Although tive models. Similar to the study of Chen et al. (2000) , a pattern of homogenization within, but differentiation the pattern of differentiation at fw suggests that positively selected mutations have occurred at linked sites, between geographic regions is observed. However, two important differences are the scale on which this is the size of the fragment displaying reduced variation may be quite large due to the low recombination of the observed and the cline of allele frequencies between these two regions. The northern haplotype is fixed or region containing fw. Although numerous chromosomal rearrangements have occurred since D. ananassae and in high frequency in all populations of higher latitude, and a cline of decreasing frequency is found throughout D. melanogaster last shared a common ancestor, gene order on a more local scale is more likely to be prethe entire sample. A similar pattern is observed with the southern haplotype, although the pattern of clinal served. In D. melanogaster, fw lies in a region of normal to high recombination that is relatively gene rich ‫01ف(‬ variation is not as strong: the northern haplotype also decreases in frequency in the absence of high frequengenes in a 100-kb window around fw). Thus, it is reasonable to expect that many potential targets of selection cies of the southern haplotype (e.g., in India); thus, the cline of southern haplotype frequency in the opposite are linked to fw. The availability of the genome sequence of D. ananassae in the near future will greatly facilitate direction may be a secondary effect (see Analysis of clinal variation and below). The model of Slatkin and Wiehe the identification of mutation(s) involved in this sweep(s), as well as provide the necessary background (1998) predicts that differential migration of two different haplotypes linked to the same selected allele will for studying adaptation at the genome level in another species. The parallels between the recent evolutionary lead to the fixation of only one of these haplotypes in any given population. In addition, should this singlehistory of the two cosmopolitan species D. melanogaster and D. ananassae (e.g., the invasion of temperate regions sweep model be invoked, the selective advantage of the beneficial allele should also be necessarily uncondifrom an ancestral tropical environment) provide an exciting opportunity for comparative studies of adaptation tional. Thus, under this model, given that populations in the North and South are fixed or nearly fixed for at the genome level. their respective haplotypes, populations located in interWe thank Daven Presgraves for helpful discussion; Ying Chen, Lino mediate locations (e.g., CH, CNX, and BKK) should also Ometto, and Claus Vogl for assistance in data analysis; and Thomas Wiehe and two anonymous reviewers for helpful comments on the be fixed for one haplotype or the other. In contrast to northern haplotype, it seems that minimally this sweep Charlesworth, B., 1996 Background selection and patterns of geis a candidate for a locally favored substitution. We hynetic diversity in Drosophila melanogaster. Genet. Res. 68: 131-149. pothesize that the regional high frequency of the southCharlesworth, B., M. T. Morgan and D. Charlesworth, 1993 The effect of deleterious mutations on neutral molecular variaern haplotype is more likely due to the spread of an tion. favored allele has occurred in the North. Partial incon-
